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Masonry wallAbstract Experimental tests have been carried out to study the behavior of different single story
frames inﬁlled with brick masonry under the in-plane lateral load inﬂuence. Three phases of frames
were tested. The ﬁrst phase was conducted on individual reinforced concrete bare frame used as
control frame. The second phase was conducted on two model frames representing individual rein-
forced frame inﬁlled with masonry panels constructed between two columns, then constructed the
top beam, and the other one constructed as bare frame and then inﬁlled with masonry. The third
phase was strengthened with different methods to improve its behavior. Glass ﬁber reinforced poly-
mer (GFRP) sheets, steel rebar impeded in frame, plastering and ferrocement meshes were used.
The drift, toughness, ductility and failure load were improved by using such masonry wall due to
like-shear wall effect which also increased frame capacity to resist lateral load. The ferrocement
strengthening method was recommended to improve the ductility and ultimate failure loads of
the existed frames. Also casting concrete of frame over the masonry ‘‘Balady’’ method; increases
the ultimate load capacity of frame by 145% of bare frame ultimate failure load. Also it increases
its ductility and toughness by 33% and 195%, respectively.
The ductility of inﬁlled frame strengthened with ferrocement was the best of all strengthened
frames, while strengthening with GFRP increases its ultimate load carrying capacity but reduces
its ductility.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Housing and Building National Research
Center.Introduction
The inﬁlled frame is a structural composite system, which con-
sists of reinforced concrete frame with masonry panels ﬁlling
the planar rectangular voids between lower and upper beams
and side columns. This system has proven to be effective and
efﬁcient in bracing low-rise and medium-rise buildings to resist
in-plane lateral loads due to wind or earthquake. As a dual sys-
tem, its structural behavior depends on individual compo-
nents. The frame is strengthened by the inﬁlls to form a
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ened by the beneﬁcial containment effects of the concrete
frame. After initial cracking of the inﬁll, the frame prevents
it from disintegration by its conﬁning action while the inﬁll
maintains its stiffening effect on the frame. The combined
effect results in a system, which has a high level of stiffness
and strength of the inﬁll with the ductility of the surrounding
frame.
It is a common practice in the Middle East to use reinforced
concrete frames inﬁlled with red brick-type wall in buildings
subjected to lateral loads like seismic and wind loading. The
bond between the skeleton and the inﬁll is usually considering
either to be of complete bond or non-integral inﬁll panel.
Strength of RC members
Inﬁll panels can attract substantial forces to adjacent frame
members. These forces can be more demanding of the strength
and inelastic deformation capacity of beam and column mem-
bers than those resulting from lateral design forces applied to a
bare frame. Because a stiff masonry inﬁll panel can attract
more lateral force than a frame can resist, frames must be
checked to see if they are capable of resisting inﬁll forces in
the ductile manner that is assumed for their design or evalua-
tion as shown in Fig. 1.
The proposed research aims to providing insight into the
behavior of inﬁlled frames at cracking and ultimate loads
under lateral loads and many strengthening techniques such
as GFRP sheets, ferrocement, plastering and dowel bars and
also choosing the best method of strengthening before and
after construction of the masonry wall. Signiﬁcant parameters
affecting the system’s strength such as geometry and strength
of inﬁlls, relative inﬁll-to-frame stiffness, plastic bending
moment capacity of the frame members, strength and rigidity
of joints, beam-to-column relative stiffness, inﬁll reinforce-
ment, effect of adjacent bays and upper stories were tested,
also workmanship, climatic effects, grout and mortar varia-
tions, work stoppage, random variation of materials, and
human error were taken into consideration.Fig. 1 Estimating forces applied to beams [1].Literature review
Many experimental works on several inﬁlled frames with var-
ious relative strengths between frame and inﬁll panel were
done. It was found that, a weak bare frame when subjected
to monotonically increasing lateral load, exhibits a fairly ﬂex-
ible and ductile behavior. However, severe shear cracks were
developed in the beam to column joints due to inadequate lat-
eral reinforcement in these regions. Although considerable
research has been devoted to the study of inﬁlled frames for
more than four decades there is no widely accepted design
method for such structures yet. Because panels are often con-
sidered to be structurally inactive, they are rarely taken into
consideration during the design process. This is explained
partly by the complexity of the interaction between frame
and inﬁll and the great number of variables which inﬂuence
the behavior of such a composite structure.
Mehrabi et al. [2] investigated the inﬂuence of masonry
inﬁll panels on the seismic performance of reinforced concrete
(RC) frames. He investigated the effect of inﬁll panels with
respect to that of the bounding frame, the panel aspect ratio,
the distribution of vertical loads, and the lateral-load history.
He concluded that inﬁll panels could signiﬁcantly improve
the performance of RC frames in terms of the load resistance
and energy-dissipation capability.
Baqi et al. [3] studied the effect of some important variables
such as masonry compressive strength, cross-sectional dimen-
sions, pre-stressing cable’s proﬁle, and the bond between the
pre-stressing steel and the surrounding masonry. Also Flana-
gan et al. [4], performed several bidirectional tests on structural
clay tile inﬁlled frames to assess the interaction of in-plane and
out-of-plane forces and to understand the behavior of dam-
aged inﬁlls.
Al-Chaar et al. [5] investigated the behavior of a type of
popular building in high seismic zones with a lateral-load-
resisting system consisting of masonry-inﬁlled reinforced con-
crete (RC) frames. The results indicated that inﬁlled RC
frames exhibit signiﬁcantly higher ultimate strength, residual
strength, and initial stiffness than bare frames without com-
promising any ductility in the load–deﬂection response. Also
Ali [6], conducted an experimental and theoretical program
to study the same effect on the seismic performance of rein-
forced concrete frames tested under cyclic in-plane loading.
Perera et al. [7] investigated a seismic retroﬁtting technique
for masonry inﬁlled reinforced concrete frames based on the
replacement of inﬁll panels by K-bracing with vertical shear
link. Results had shown an energy dissipation capacity.
Experimental program
Outline of the program
The experimental program was planned to evaluate the effect
of many parameters such as: method of masonry construction
– ‘‘Balady method’’ or ordinary method, – strengthening
techniques using the following methods:
A. Glass ﬁber reinforced polymer (GFRP) sheets cover the
strip of the two adjustment elements of concrete and
masonry.
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(columns and top beams) and inﬁll interface.
C. Using the ferrocement mesh strip at the two adjustment
surfaces of concrete and masonry.
D. Plastering the whole frame (concrete and masonry).
Dimensioning of all samples was based on designing con-
cept. Frame reinforcement detailing and dimensions are shown
in Fig. 2.
The program was divided into three main phases
 Phase 1: In this phase, a bare frame is considered and used
as a control frame.
 Phase 2: In this phase, two, inﬁlled frames were considered.
In the ﬁrst frame, the wall was constructed before casting
the two columns and the upper beam, to simulate the usual
method used in construction which is called ‘‘Balady
Method’’. In the second frame, the masonry wall was con-
structed after removing the frame from the wooden mold.
 Phase 3: In this phase, four inﬁlled frames with masonry
wall were constructed using four different methods of
strengthening:
1- Connector dowel bars were used to connect the col-
umns and the upper beam of the frame with the
masonry wall. Holes of 100 mm depth and 13 mmFig. 2 Steel reinforcementdiameter ﬁlled with epoxy resin and steel bar with
length of 20 cm and diameter of 8 mm were ﬁxed in
each hole. After that, the masonry wall was built with
bricks as shown in Fig. 3.
2- Using ferrocement, the mesh of ferrocement was used
with 20 cm strip of concrete at the insulation surface
between them as shown in Fig. 4.
3- Plastered with 2 cm thickness to cover concrete and all
masonry without any additions.
4- Strengthened using glass ﬁber uni-direction sheet strips
as shown in Fig. 5.
Material properties
Materials used for the test units were systematically sampled
and tested for their mechanical and physical properties. The
tests included compressive tests performed on mortar cubes,
masonry prisms, and concrete cubes. Tension tests were con-
ducted on reinforcing bars and stirrups.
Concrete mix proportions
Concrete mix design was made to produce concrete having
28 day cubic strength of 350 kg/cm2, the mix proportions by
weight for the mix were given in Table 1. The workability of
the above mix was measured to be 5 cm using slump test.of frame ‘‘Dim in cm’’.
Fig. 3 Inﬁlled frame treatment with dowel bars.
Fig. 4 Inﬁlled frame treatment with ferrocement.
Fig. 5 Inﬁlled frame treatment with GFRP.
Table 1 The proportion of 1 m3 of concrete mix.
Cement Water Sand Gravel
Weight (kg) 350 160 620 1245
Table 2 Mechanical properties of steel bars.
Bar diameter (mm) 8 mm 12 mm
Yield strength kg/cm2 2720 5150
Ultimate strength kg/cm2 4500 7475
% Elongation at failure 26% 23%
Modulus of elasticity kg/cm2 2.06 · 106 2.06 · 106
Table 3 Physical and mechanical properties for used brick.
Compressive strength
kg/cm2
Water absorption
(24-h test)%
Unit weight ton/m3
75 17% 1.80
Fig. 6 Details of the positions of the dial gauge.
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The used steel in all tested frames was 8 mm. normal mild steel
and 12 mm high grade steel. The mechanical properties of the
used steel bars are given in Table 2.
Silt brick units
Fired silt bricks were used. Its mechanical properties are given
in Table 3.
Ferrocement
Ferrocement was 2 cm thickness with a steel mesh. The steel
mesh with the required width was ﬁxed on the two adjustment
strips of concrete and masonry and ﬁxed with small nails and
after that mortar was used for plastering.
Measuring devices
All the tested frames were instrumented to measure the deﬂec-
tions at two points, the steel strains and the strain distribution
over the frame surface. The following instruments were used in
this work.
Dial gauge
The horizontal and vertical displacements were measured
using mechanical dial gauges at the critical locations, at the
Table 4 Measured loads and drifts of the tested frames.
Phase Frame (Pcr) (ton) in concrete (Pcr) (ton) in masonry (Pu) (ton) d (mm) At failure d (mm) at 0.67 Pu
1 Frame 1 2.1 – 6.0 16.8 7.4
2 Frame 2 6.5 8.5 14.7 19.80 7.5
Frame 3 5.6 8.1 11.9 17.09 7.5
3 Frame 4 5.6 7.0 14.0 17.36 9.8
Frame 5 6.3 7.0 14.0 24.80 9.8
Frame 6 4.9 8.0 12.6 16.50 7.8
Frame 7 6.3 7.8 14.7 32.70 19.0
Fig. 7 Crack pattern of frame 1 bare frame (control frame).
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Dial gauges of 0.01-mm accuracy were used for deﬂection mea-
surements. In all the tested frames, the displacements were
measured at two different positions of each frame. Fig. 6
shows the dial gauge locations of the tested models.
Demec strain gauge (surface strains)
Measurement of surface strains on concrete frame was difﬁcult
due to cracks in areas susceptible to cracking-interior and
outer surfaces so demec mechanical gauges were employed.
When cracks cross gauge positions, recorded strains become
large due to loss of stiffness and ﬁnite crack widths. A
‘‘Demec’’ strain gauge with a gauge length of 200 mm and min-
imum division 0.81 micro-strains was used to determine the
strain distribution at the surface of the frames.
Steel Strain
Electrical strain gauges (EA-13-250-B6-120) with a length of
10 mm were used for measuring the longitudinal strains in steel
bars. The output of strain gauges was monitored using the p
3500 strain indicator and the SB-10 switch and balance unit.
For each frame ﬁve strain gauges were attached to the steel
at the expected position of maximum stresses.
Detection of cracks
Visual observations of cracks were made during test. At each
increment of load, the cracks which appeared were marked
(load value) and recorded. The loads that produced the ﬁrst
crack and the loads that produce the failure of the frame were
also recorded. Finally, the pattern of cracks for each beam was
neatly sketched as well as photographed.
Loading frame rig
All the frames of this investigation were tested in the rig at the
reinforced concrete laboratory of the Faculty of Engineering,
El-Minia University. The frame was made from steel and
designed mainly for testing of reinforced concrete beams,
frames, walls and columns, 3.30 ms height, 3.50 ms width
and maximum capacity of 100 ton. The loading frame consists
of three horizontal beams, two of them to ﬁx two vertical I-
beams No. 40 to make a closed frame and the third horizontal
I-beam No. 30 is a moving beam to give different heights in the
vertical direction. Hydraulic jack of 50 ton capacity was used
to apply load to the tested frame, stroke 38–362 mm, Maxi-
mum operation pressure 700 bar, Hand pump -P-392, Hose -
Hc-7206 and Gauge model Gp-10s.The load was applied at the horizontal direction in incre-
ment of 0.35 ton. The loading was maintained till the readings
of dial gauges and strain gauges were recorded and also sides’
surfaces of the frame and DEMEC points were examined for
crack. After that the next load increment was applied and
the whole procedure was repeated until failure load occurred.
Test results
Table 4 summarizes the values of cracking concrete load,
cracking masonry load, ultimate failure load, drift at 0.67 of
ultimate failure load and drift at failure load.
Crack pattern and mode of failure
Phase one
Frame 1: Bare Frame; (Frame 1). The ﬁrst crack of RC frame
was observed at (35% of failure load), the second one was at
(46% of failure load), and the third crack was observed at
(58% of failure load). Final cracks were observed in corner
between column and base beam at failure load (6.0 t) as shown
in Fig. 7.
Phase two
Frame 2: Frame cast in place over masonry. The ﬁrst crack was
observed at 44% of failure load and the failure load was
Fig. 8 Crack pattern of frame 2 (cast in place over masonry).
Fig. 10 Crack pattern of inﬁlled frame 4 (strengthened with
dowel bars).
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makes the reinforced concrete frame to behave as a shear wall.
Fig. 8.
Frame 3: Inﬁlled frame with masonry. The ﬁrst group of
cracks were observed at 44% of failure load at the connection
between left column and upper beam and lower left corner of
left column at the tension side, the failure load was 12.6 t.
Fig. 9.
Phase three
Frame 4: Frame strengthened with dowel bars between con-
crete and masonry. The ﬁrst crack was observed at 40% of fail-
ure load on which the failure load was 14.0 t, as shown in
Fig. 10.
Frame 5: Frame strengthened with ferrocement. The ﬁrst
cracks were observed at 45% of failure load distributed on
all areas in diagonal direction. Also the failure load was
14.0 t as shown in Fig. 11.Fig. 9 Crack pattern of frame 3 (inﬁlled with masonry after
casting).Frame 6: Frame strengthened with plastering. First cracks
were observed at 38% of failure load and the failure load
was 12.6 t.
Frame 7: Frame strengthened with GFRP, shown in
Fig. 12. The ﬁrst cracks were observed at 42% of failure load
and the failure load was 14.7 t.
Load–drift relationship
Figs. 13 and 14 show the load–drift relationships of all tested
phases. It can be noticed that the behavior of tested frames is
linear up to certain limit, depending on the presence of the
masonry wall and its method of construction. The linear part
of load–drift is more lengthened for the frames inﬁlled with
masonry compared with the bare frame and that is very clear
in frame (2) which was cast in place over the masonry wall.Fig. 11 Crack pattern of frame 5 (inﬁlled frame strengthened
with ferrocement).
Fig. 12 Crack pattern of frame 7 (inﬁlled frame strengthened
with GFRP).
Fig. 13 Drift–load at top of frames 2 and 3 of ph
Fig. 14 Drift–load at top of the frames
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ferent for the tested frames depending on the presence of
masonry wall and its method of construction. Also this ﬁgure
reﬂects clearly the effect of the presence of the masonry wall
and its method of construction on its drift rigidity.
Figs. 15 and 16 show the load–drift relationship of the four
strengthened frames treated with four different methods of
strengthening, by means of steel dowel bars (Frame 4), with
ferrocement (Frame 5), with plastering (Frame 6) and through
(GFRP) glass ﬁber reinforced polymer sheets (Frame 7). Also
these ﬁgures show the load–drift of frame inﬁlled with
masonry after casting frame 3 (the control of this phase).
The curves indicate that the initiation of non-linearity was
almost the same for all frames of this phase except the one
strengthened with GFRP, its non-linearity started early. Also
they have same rigidity except the frame, which was strength-
ened with GFRP, which was more ﬂexible. Generally the
strengthened frames were stiffer than the control frame 3
except the one strengthened with GFRP, which had less rigid-
ity than the control frame especially at the earlier stages of
loading.ase two and bare frame 1 (the control frame).
of phase three and the control frame.
Fig. 15 Strain distribution in SG3 for lateral load.
Fig. 16 Load Strain in steel reinforcement at position SG1 at the lower left.
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The analysis illustrates the effect of strengthening method on
mode of failure and pattern of cracks, cracking load and ulti-
mate failure load, drift characteristic, ductility, and toughness.
Mode of failure and pattern of cracks
The pattern of cracks was generally in form of ﬂexural nature
for all tested frames. All cracks of bare frame were at the ten-
sion side of its four corners, except some minor cracks
observed at the loaded area due to the stress concentration.
The general behavior of the frame was as two-ﬁxed single
bay frame. The frame did not resist any horizontal force when
the plastic hinges were formed at the upper and lower ends of
the frame’s two columns. The effect of masonry wall existence,
its method of construction and its method of strengthening can
be observed clearly on the distribution of the cracking pattern
of all tested inﬁlled frames through the ﬁgures of the cracking
pattern.
It can be seen that, the majority of cracks were along the
length of the left loaded column. Less cracks were noted at
the upper left part of the top beam and minor cracks can beobserved at the tension side of the lower part of right
column.
The distribution of the cracks in the masonry wall and the
separation between the wall and the frame were depending on
the method of wall construction and its way of strengthening.
Generally major cracks were observed diagonally in all inﬁlled
frames but it was very clear in frame cast in place over
masonry, frame inﬁlled with masonry after casting, and inﬁlled
frame strengthened with ferrocement and with plastering.
Cracks distributed all over the wall were observed in inﬁlled
frame strengthened with dowel bars and with GFRP. Gener-
ally the structure worked as a wall up to 75% of the ultimate
failure load due to the existence of masonry. The separation
between the wall and the frame was observed in the two frames
one inﬁlled with masonry after casting and the other strength-
ened with plastering (Frames 3 and 6). No separation between
wall and frame occurred for all other strengthened inﬁlled
frames as expected.
Cracking and ultimate failure loads
The experimental values of ﬁrst visible crack and ultimate
loads of tested frames of phase two have been tabulated in
Table 5 The experimental values of cracking and ultimate loads of phase 2.
Phase Frame Pcr (ton) Pu (ton) Pcr/Pu Pcr/Pcr bare Pu/Pu bare
2 Frame 2 6.5 14.7 0.44 3.09 2.45
Frame 3 5.6 11.9 0.47 2.67 2.10
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its method of construction. The ﬁrst visible crack loads for the
two frames of this phase were roughly three times the cracking
load of the bare frame. This is attributed to the existence of the
masonry wall, which increases the whole rigidity of the struc-
ture. The cracking load of the frame cast in place over masonry
was about 1.18 times the frame which was inﬁlled with
masonry after casting.
Comparing the values of ultimate loads for the two frames
of this phase, it was signiﬁcantly affected by the existence of
the wall. The ultimate failure loads were about 2.45 and 2.1
of those for the frame cast in place over masonry and the frame
which was inﬁlled with masonry after casting respectively. The
ultimate load of the frame cast in place over masonry was about
1.24 times the frame which was inﬁlled with masonry after cast-
ing. This may be attributed to the improvement of bond
strength between the wall and the frame and it is better in case
of the frame cast in place over masonry compared with the
frame which was inﬁlled with masonry after casting.
The experimental values of ﬁrst visible crack loads and ulti-
mate load of phase three have been tabulated in Table 6. Also
ratios of cracking and ultimate loads to the control frame’s
cracking and ultimate loads (Frame 3) are given in this table,
which shows the effect of the strengthening of the wall and
frame. The ﬁrst visible crack loads of the frames of this phase
were roughly 1.11 times the cracking load of the control frame
3 except frame 6, the one with plastering which has same crack-
ing load of frame 3. The increase in the cracking load may be
attributed to the improvement of bond strength between the
contact surfaces of the masonry wall and the frame.
By comparing the ratios of ultimate loads for the frames of
this phase to the ultimate failure load of control frame 3, it can
be seen that, the method of strengthening has signiﬁcantly
affected on increasing the ultimate load except that the plaster-
ing has no effect on both cracking and ultimate loads. The ulti-
mate failure load was about 1.17, 1.17 and 1.24 times of the
ultimate failure of the control frame 3 for the frame strength-
ened with bars, frame strengthened with ferrocement and
frame strengthened with GFRP respectively.
Drift characteristics
The relationship between the applied load and corresponding
drift for all tested frames and the drift at failure load areTable 6 The experimental values of cracking and ultimate loads of
Phase Frame Pcr (ton) Pu (ton) Pcr/Pu
3 Frame 4 5.6 14.0 0.39
Frame 5 6.3 14.0 0.45
Frame 6 4.9 12.6 0.39
Frame 7 6.3 14.7 0.43previously detailed. It shows that the slope of the load–drift
diagram in the ﬁrst stage was steeper than the other stages.
Then tensile cracks started to form. As the applied load was
increased, cracks propagated and their width and length
increased. Also cracks spread in the masonry wall. Hence,
the slope of the load–drift diagram became less steeper. After
that, plastic hinges started to form, signs of failure were
observed and the slope of load–drift diagram became more
inclined.
The drift of frame cast in place over masonry was less at all
stages of loading compared with the drift of bare frame. Also
the drift of inﬁlled frame with masonry after casting was less
than the drift of bare frame at all stages of loading. As it
was expected the existence of masonry wall increases the over-
all stiffness of the structure. The drift of the frame which was
cast in place over masonry wall was less than the drift of
inﬁlled frame with masonry after casting at all stages of load-
ing. This means that the method of construction affects the
drift by improving the friction bond between the surfaces of
the masonry wall and the frame.
Also, there is a minor signiﬁcant effect of the method of
strengthening on the drift at the ﬁrst stage of loading, for
inﬁlled frames strengthened with dowel bars, ferrocement
and plastering but this effect becomes signiﬁcant near failure.
The drift of the inﬁlled frame strengthened with GFRP was
higher than the other strengthened frames at the same stage
of loading which may be due to the high strength of the
GFRP.
Ductility
Ductility can be deﬁned as the ratio between the drift at ulti-
mate load and the drift at 0.67 of the ultimate failure load
(which represents the service load). Also the ductility can be
represented by the energy absorption up to failure (toughness).
Based on the ductility measurements mentioned above the duc-
tility values of tested frames are shown in Tables 7 and 8. Also
the ratios of the ductility of each tested frame with respect to
its control frame are given. The inﬂuence of different parame-
ters on the ductility can be summarized as follows:
(a) The existence of masonry wall and its method of construc-
tion: The ductility of inﬁlled frame cast in place over
masonry has the largest value compared with the barephase 3.
Pcr/Pcr bare Pu/Pu bare Pcr/Pcr frame (3) Pu/Pu frame (3)
2.67 2.333 1.00 1.176
3.00 2.333 1.13 1.176
2.33 2.10 0.87 1.050
3.00 2.45 1.13 1.239
Table 8 The ductility and toughness and its ratios to the control frame of frames of phase three.
Phase Frame d (mm)
At failure
d (mm) at
0.67 Pu
d Failure / d
At 0.67 Pu
d/d Control
frame 3
Toughness
Kg mm
Tou/Tou control
frame 1
3 Frame 4 17.36 8.50 2.04 0.95 144882 1.10
Frame 5 24.80 9.08 2.73 1.3 243,565 1.84
Frame 6 9.50 7.80 2.11 1.00 131,642 1.00
Frame 7 32.70 20.0 1.64 0.77 274,834 2.07
Table 7 The Ductility and toughness and its ratios to the control frame of frames of phases one and two.
Phase Frame d (mm) at
failure
d (mm) at
0.67 Pu
d Failure/d at
0.67 Pu
d/d Control
frame 1
Toughness
kg mm
Tou/Tou control
frame 1
1 Frame 1 16.80 8 2.10 1.00 68,340 1.00
2 Frame 2 19.80 7 2.80 1.33 202,044 2.96
Frame 3 17.09 8 2.27 1.02 132,317 1.94
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increase in ductility of this frame was about 1.33 of the
bare frame. The ductility of inﬁlled frame with masonry
after casting was the same as the bare frame as shown in
Table 7.
(b) Method of strengthening: Table 8 shows the values of
ductility of the frames of phase three. Also this table
shows the ratios of the ductility of these frames to the
control frame (Frame 3) of this phase. There is no effect
of the dowel bars and plastering on ductility (Frames 4
and 6). There is a signiﬁcant effect of strengthening
using ferrocement on the ductility. The ductility of frame
5 which was strengthened using ferrocement, increased
by 30% compared with the control frame (Frame 3).
There is signiﬁcant bad effect of strengthening using
the GFRP on the ductility. The reduction of ductility
of frame strengthened using GFRP was about 23% of
the control frame 3.
Toughness
Toughness of different frames, representing the energy absorp-
tion up to failure, is calculated as the area underneath the
load–drift curve for each frame. Tables 7 and 8 show the result
of the values of toughness (kg mm).
(a) The existence of masonry wall and its method of construc-
tion: The toughness of frame two was roughly three
times the toughness of the bare frame. This is attributed
to the existence of the masonry wall and its method of
construction. The toughness of the frame cast in place
over masonry was better than the toughness of the
inﬁlled frame with masonry after casting. Casting over
place increased the toughness by 53% compared with
the inﬁlled frame after casting.
(b) Method of strengthening: The calculated values of
toughness of tested frames were 1.1, 1.84, 1, and 2.07
for frames strengthened with dowel bars, ferrocement
plastering and GFRP respectively of the toughness of
the control frame3. The toughness of the frame strength-ened with GFRP has the largest values compared with
the toughness of the frames of this phase although it
had the lowest value of the ductility of this phase. This
may be attributed to the increase in the load carrying
capacity of the frame due to strengthening and the
elastic ﬁber sheets.
Conclusion
1- The existence of masonry wall changed the behavior of
reinforced concrete frame, bare frame and turned it as
a shear wall and it also increased its capacity about
two times.
2- Glass-ﬁber-reinforced polymer system provides a signif-
icant increase in lateral load capacity when externally
bonded to masonry wall frame connection. Also ferroce-
ment mesh increases the cracking and ultimate loads and
also increases the ductility and toughness of the inﬁlled
frame.
3- Anchorage of dowel rebar between frame and wall is
essential for preventing the failure due to rebar de-
bonding.
4- The ferrocement strengthening method was recom-
mended to improve the ductility and ultimate failure
loads of the existed frames.
5- Casting concrete of frame over the masonry, ‘‘Balady’’
method; increases the ultimate load capacity of frame
by 145% of bare frame ultimate failure load. Also it
increases its ductility and toughness by 33% and
195%, respectively.
6- The ductility of inﬁlled frame strengthened with ferroce-
ment was the best of all strengthened frames, while
strengthening with GFRP increases its ultimate load
carrying capacity but reduces its ductility.
Conﬂict of interest
None.
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